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1. Compute σ (n massles particles)
2.Analytic continuation n ➞ Δ

C

(x1 − x2)2∆
→ iA∆θ(p0)θ(p

2)(p2 + i�)∆−2

H. Georgi (2007)

3zaterdag 27 augustus 2011



Coupling with SM

Simon Knapen, Rutgers University

∂A∂AOu

∂A∂ZOu

∂G∂GOu
A. Delgado, M. Strassler 
(2010)

S. Kathrein, SK, M. Strassler 
(2010)}

1 < Δ < 2

1

Λ∆
FµνF

µν
Ou

dimension 5 or higher

4zaterdag 27 augustus 2011



Diagrams

γ

e−

e+

{X}

γ

Z

e−

e+

{X}

γ

+

d2σ

dqd cos θ
=

(4π)1−2∆

Γ(∆− 1)Γ(∆)
A(ΛγZ ,Λγ)e

2q3s∆−3(1− 2
q√
s
)∆−2(1 + cos2 θ)

Simon Knapen, Rutgers University

5zaterdag 27 augustus 2011



LEP I & II
(ALEPH, OPAL, DELPHI & L3)

M. Acciarri et al, /Physics Letters B 412 (1997) 201-209 207 

3.1. ZZy couplings 

Self-couplings of the electroweak gauge bosom 
are a prominent feature of the Standard Model, and 
several extensions have been proposed [4,7,X] which 
imply couplings also between the neutral gauge 
bosons. Taking the ZZy coupling in particular, the 
most general vertex function invariant under Lorentz 
and electromagnetic gauge transformations can be 
described in terms of four independent dimensionless 
form factors, denoted by hf , i = 1,2,3,4. The contri- 
butions involving hf and hg are CP-violating while 
those involving the other pair of form factors are 
CP-conserving. All four form factors are zero at the 
tree level in the Standard Model. At the one-loop 
level, hf and hg are zero while the CP-conserving 
form factors are nonzero but too small to be seen. 
Thus observation of ZZy couplings would be a clear 
signal of physics beyond the Standard Model. 

The single-photon topology from ZZy couplings 
is obtained in the case that the photon is real and the 
final-state Z decays into neutrinos. ZZy couplings 
would be manifest in the photon energy spectrum as 
an enhancement which becomes visible at E,, - 15 
GeV and increases monotonically with energy until 
near the kinematic limit. This is illustrated by the 

0 

Fig. 2. The energy spectra of single-photon events expected in our 
search from (a) the Standard Model only (solid histogram), (h) the 
Standard Model modified to give the r neutrino a magnetic 
moment of the magnitude indicated (dashed histogram), and 6) 
the Standard Model extended to include an anomalous ZZy 
coupling (dotted histogram). See text for additional description of 
models. The points show the energy spectrum of the single-photon 
candidates found in the search. 

Fig. 3. Upper limits at the 95% C.L. on the ZZy coupling 
parameters h$, and h& obtained by L3 and by DO [22] for 
A, = 5OOGeV. The Standard Model prediction is indicated by the 
dot. The region of parameter space allowed by unitarity is shaded. 

dotted histogram in Fig. 2 where we have taken just 
one of the form factors describing the ZZy vertex to 
be nonzero. We have followed [6] in adopting the 
parameterization hf = hfa/(l + s/A:>“1 with n, = 
n3 = 3 and n2 = n4 = 4; A, = 500 GeV was used 
for the calculation shown in Fig. 2. 

In order to calculate the number of events ex- 
pected in the presence of ZZy couplings, we convo- 
luted generator-level event samples [21] with our 
fiducial cuts, selection efficiencies, trigger efficien- 
cies, and integrated luminosities in order to derive 
the expected number of observed events as a func- 
tion of anomalous couplings parameters. The inter- 
ference between the Standard Model amplitudes and 
anomalous coupling amplitudes was taken into ac- 
count. To obtain more stringent limits, we further 
required E, > i Ebeam. 

Fig. 3 shows the 95% C.L. upper limit contours 
on the pair of CP-conserving form factors for A, = 
500 GeV assuming the CP-violating form factors to 
be zero; the corresponding limits on the pair of 
respective CP-violating form factors are practically 
the same. Our limits are not very sensitive to the 
choice of A, for A, B- m,. It should be noted that 
though there is strong interference between the two 
CP-conserving anomalous couplings and between the 
two CP-violating couplings, the interference between 
CP-violating and CP-conserving couplings is negligi- 

LEP I (√s = 90 GeV) LEP II (√s = 190-210 GeV)
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Fig. 5. The excluded regions in the plane of the χ0
1 mass
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1 proper lifetime, at 95% C.L., for the reaction

e+e− → χ0
1χ
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1 → G̃G̃γγ, under the assumptions of the MGM.

The lighter shaded region is based on the search for single
photons which do not originate from the interaction region
(Sect. 4.6); the darker shaded region is based on the search for
acoplanar photon pairs (Sect. 5.2)

|cos θ| < 0.95. There must be no charged particle tracks
(except those coming from an identified photon conver-
sion) and less than 1 GeV of non-photonic additional vis-
ible energy. The acoplanarity angle of the two most en-
ergetic photons must be smaller than 177◦, and the total
transverse momentum of the multi-photon system must
be greater than 3.75% of the missing energy. Events with
more than two photons are required to have a missing
energy larger than 0.4(

√
s).

When this selection is applied to the 189–209 GeV data,
93 events are selected, while 88 are predicted from the
process e+e− → νν̄γγ(γ). From a comparison of different
event generators [14,16], the theoretical uncertainty on
this prediction, including the effect of missing higher-order
electroweak diagrams, is estimated to be less than 5%. The
missing mass distribution and the energy distribution of
the second most energetic photon for the selected data
events are compared in Fig. 6 to the SM expectations.

5.2 Search for e+e− → χ0
1χ0

1 → G̃G̃γγ

The GMSB process e+e− → χ0
1χ

0
1 → G̃G̃γγ gives rise to fi-

nal states with two acoplanar photons for small neutralino
lifetimes. As the gravitino is nearly massless, and the de-
cay χ0

1 → G̃γ is isotropic in the χ0
1 rest frame, the photon

energy spectrum is expected to be flat. A threshold cut on
the energy of the second most energetic photon is therefore
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Fig. 6a,b. For the two photon and missing energy sample, the
distributions of a the invariant mass of the system recoiling
against the photon candidates and b the energy of the second
most energetic photon, for the data (points with error bars)
and the SM expectation (histogram)

very effective at reducing the SM background, where this
photon is predominantly produced via bremsstrahlung.
The optimization of the threshold cut was done in the con-
text of the MGM [27]. In this model the lightest neutralino
is pure bino, and the right-handed selectron (left-handed
selectron) mass is 1.1 (2.5) times the neutralino mass. At
LEP, the production of bino-like neutralino pairs proceeds
via t-channel selectron exchange, with right-handed selec-
tron exchange dominating over left-handed selectron ex-
change. Within this framework, the optimized value for
the threshold cut is 37 GeV. Four candidate events are
selected in the data, with 4.9 expected from background.

The 95% C.L. upper limit on the e+e− → χ0
1χ

0
1 pro-

duction cross section at
√

s = 207 GeV, obtained after
subtraction of the expected background, is shown in Fig. 7
for a χ0

1 → γG̃ branching ratio of 100% and a χ0
1 labora-

tory lifetime of less than 3 ns. The data collected at lower
centre-of-mass energies are included by scaling their lu-
minosities according to the cross section predictions of
the MGM. The systematic uncertainty for this analysis
is dominated by that on the photon reconstruction effi-
ciency, estimated to be smaller than 2%, and that on the
level of background from standard processes, estimated
to be 10%. The effect of these uncertainties on the cross
section upper limit, taken into account by means of the
method of [28], is less than 1%. The e+e− → χ0

1χ
0
1 cross

section in the MGM is also shown in Fig. 7. The neutralino
mass limit obtained for this model is Mχ0

1
≥ 98.8 GeV/c2

at 95% C.L. The effect of the systematic uncertainties on
the mass limit is negligible.
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|cos θ| < 0.95. There must be no charged particle tracks
(except those coming from an identified photon conver-
sion) and less than 1 GeV of non-photonic additional vis-
ible energy. The acoplanarity angle of the two most en-
ergetic photons must be smaller than 177◦, and the total
transverse momentum of the multi-photon system must
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When this selection is applied to the 189–209 GeV data,
93 events are selected, while 88 are predicted from the
process e+e− → νν̄γγ(γ). From a comparison of different
event generators [14,16], the theoretical uncertainty on
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missing mass distribution and the energy distribution of
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very effective at reducing the SM background, where this
photon is predominantly produced via bremsstrahlung.
The optimization of the threshold cut was done in the con-
text of the MGM [27]. In this model the lightest neutralino
is pure bino, and the right-handed selectron (left-handed
selectron) mass is 1.1 (2.5) times the neutralino mass. At
LEP, the production of bino-like neutralino pairs proceeds
via t-channel selectron exchange, with right-handed selec-
tron exchange dominating over left-handed selectron ex-
change. Within this framework, the optimized value for
the threshold cut is 37 GeV. Four candidate events are
selected in the data, with 4.9 expected from background.
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for a χ0

1 → γG̃ branching ratio of 100% and a χ0
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tory lifetime of less than 3 ns. The data collected at lower
centre-of-mass energies are included by scaling their lu-
minosities according to the cross section predictions of
the MGM. The systematic uncertainty for this analysis
is dominated by that on the photon reconstruction effi-
ciency, estimated to be smaller than 2%, and that on the
level of background from standard processes, estimated
to be 10%. The effect of these uncertainties on the cross
section upper limit, taken into account by means of the
method of [28], is less than 1%. The e+e− → χ0
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0
1 cross

section in the MGM is also shown in Fig. 7. The neutralino
mass limit obtained for this model is Mχ0
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at 95% C.L. The effect of the systematic uncertainties on
the mass limit is negligible.
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Experimental Bounds
8

∆ ΛZ Λγ

1 69.5 25.2

1.01 59.0 23.0

1.05 40.7 13.2

1.1 26.6 8.0

1.2 12.7 3.6

1.3 6.8 2.0

1.4 4.0 1.2

1.5 2.5 0.79

1.6 1.6 0.57

1.7 1.1 0.41

1.8 0.80 0.30

1.9 0.60 0.24

2 0.46 0.19

TABLE I: 95 % confidence level lower bounds on the given scales, in TeV, from LEP data. For

bounds on Λ1 and Λ2, see the figures in Appendix A.

of 20% in Λγ.

C. Error Estimate

The largest uncertainty in both the LEP I and the LEP II analyses (other than the am-

biguities in the LEP II data described above) is due to the systematic errors in manually

reading the backgrounds from the graphs. However, in the case of LEP I, this error only

contributes in the calculation of the cuts, as no events are found in the signal region [13].

Furthermore we find that the bounds are not very sensitive to cuts, and the error due to the

background only contributes a few percent to the total error on the bounds. When account-

ing for experimental uncertainties we can estimate the total uncertainty on the bounds to

be within 5%.

For LEP II, the systematic uncertainty from reading backgrounds from the plots is sig-

nificantly larger. Moreover the bounds do depend directly on the background in this case,

95% CL (TeV)

1

ΛZ
∂A∂ZOu

1

Λγ
∂A∂AOu

Simon Knapen, Rutgers University
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Theory Bounds

Simon Knapen, Rutgers University

6

the interaction (1), along with any other interactions between the SM and hidden sectors.

Let us define the two-point function of O in the limit Λ→∞ to be

G(0)
O

(q) ≡ lim
Λ→∞

GO(q; Λ) (5)

The difference between this function and the full two-point function includes terms such as

GO(q; Λ) = G(0)
O

(q) + iG(0)
O

(q)2 1

Λ2δ

�
d4k

(2π)4
< 0|ψB(k)ψA(q − k)ψB(−k)ψA(k − q)|0 > + . . .

(6)

as shown in Fig. 1. This particular type of correction sums as usual into a geometric series

GO(q; Λ) =
G(0)
O

(q)

1−G(0)
O

(q)Σ(q)− . . .
(7)

where

Σ(q) =
i

Λ2δ

�
d4k

(2π)4
< 0|ψB(k)ψA(q − k)ψB(−k)ψA(k − q)|0 > + . . . (8)

as in Fig. 1. Other processes that connect the two sectors will also contribute to the full
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Conformal invariance must break down in 

the UV
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∼
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Λ
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2∆γ
γ

�2

J. L. Feng, A. Rajaraman and H. Tu (2008)

∼ �OgOγOγ�

Bound individually:
Λg ➜ Tevatron (A. Delgado, M. Strassler (2009) )

Λγ ➜ LEP (S. Kathrein, SK, M. Strassler (2010) )

C3 ➜ Unitarity, Conformal symmetry (F. Caracciolo and S. Rychkov (2010) )
Only for 1 < Δγ < 1.7
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Unitarity bound 
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1 < Δg < 2
1.7 < Δγ < 2

No bound on C3 available

A. Delgado, M. Strassler 
(2009)
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Unitarity bound 

Simon Knapen, Rutgers University

1 < Δg < 2
1.7 < Δγ < 2

No bound on C3 available

No process that involves the hidden sector can have a rate 
that exceeds the rate of all such processes

A. Delgado, M. Strassler 
(2009)
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FIG. 3: Same as Fig. 2, but with ∆1 = 1.35,∆2 = 1.05.
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FIG. 4: Same as Fig. 2, but with ∆1 = 1.45,∆2 = 1.45.

V. OBTAINING BOUNDS ON Λ1

Our only remaining task is to determine Λmin
1 . Once we have it, we can compute the

bound on the gg → γγγγ cross-section.

We apply two main considerations for constraining Λ1. The first is that if Λ1 is too low,

then not only is the rate for the invisible process σ(pp → {X}) very large, the observable

process σ(pp→ j+{X}), where j is an initial-state jet, becomes comparable to the standard

model rate for jet plus missing transverse momentum (MET). Contraints from Tevatron,

mainly from the CDF study [25], put strong contraints on Λ1 for low ∆1.

A second constraint on Λ1 comes from the fact that the coupling of O to gluons itself

>

A. Delgado, M. Strassler 
(2009)
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growth with ŝ; even strong limits on 4γ production at the Tevatron naively allow very large

LHC signals. But [3] did not consider unitarity, or direct and indirect constraints on Λg,

Λγ and C3. In [1], experimental and theoretical bounds on Λg were found (table III), along

with a simple unitarity argument that eliminated the possibility of very large cross-sections.

In the current article we have found experimental bounds on Λγ, which (as described below)

we may supplement with theoretical bounds. And recently, unitarity constraints on C3,

from internal consistency arguments of the conformal field theory, were obtained in [2] for

∆γ < 1.7 and any ∆g. We now explain how these bounds are obtained and combined

together into table II.

In the regime ∆γ > 1.7, indicated by numbers in italics in the table, the constraints

obtained in [1] are extended to a 14 TeV LHC, using bounds on Λg only. Direct experimental

bounds on Λg arise because the gluon-gluon-unparticle interaction can generate a large jet-

plus-MET signature [1]. Limits from CDF [18] using 1.1 fb
−1

of data (unfortunately not

∆g�∆γ 1.05 1.1 1.2 1.3 1.4 1.5 1.6 1.7 1.8 1.9 2.0

1.05 2.7× 10-6 2.7× 10-5 4.8× 10-4 0.010 0.093 0.62 1.1 1.7 3 .8 2 .3 1 .4

1.1 5.1× 10-6 5.2× 10-5 6.7× 10-4 0.014 0.13 0.89 1.4 1.6 9 .6 5 .9 3 .7

1.2 1.5× 10-5 1.4× 10-4 1.3× 10-3 0.023 0.37 2.4 2.3 1.7 2 .3 1 .4 7 .1

1.3 3.7× 10-5 2.8× 10−4 3.2× 10−3 0.031 0.33 1.7 1.2 0.91 16 . 9 .3 5 .4

1.4 3.3× 10−5 2.5× 10−4 2.3× 10−3 0.023 0.24 1.2 0.73 0.56 12 . 7 .1 4 .5

1.5 3.6× 10−5 2.4× 10−4 2.8× 10−3 0.025 0.19 0.78 0.57 0.37 9 .3 5 .4 3 .2

1.6 3.6× 10−5 2.6× 10−4 2.3× 10−3 0.021 0.16 0.55 0.48 0.31 7 .1 4 .7 2 .5

1.7 4.7× 10−5 2.9× 10−4 2.7× 10−3 0.024 0.16 0.50 0.35 0.26 5 .4 3 .2 2 .0

1.8 4.4× 10−5 2.2× 10−4 1.7× 10−3 0.022 0.20 0.38 0.32 0.23 4 .2 2 .5 1 .5

1.9 3.4× 10−5 1.6× 10−4 1.5× 10−3 0.014 0.15 0.36 0.29 0.23 3 .2 2 .0 1 .2

2.0 2.7× 10−5 1.3× 10−4 8.7× 10−4 0.013 0.14 0.35 0.31 0.24 2 .5 1 .5 0 .96

TABLE II: Bounds on 4 photon production, in fb. Values in regular font are obtained using only

experimental limits on Λg and Λγ ; see also Appendix B. Values in boldface are obtained from

experimental and unitarity bounds, or unitarity bounds only, on these scales. The values in italics

are calculated using the unitarity argument of [1].

Bound on σgg→4γ for 14 TeV LHC

Simon Knapen, Rutgers University
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FIG. 11: The Feynman diagrams contributing to the subprocess qq → γγγγ with the three-point

unparticle vertex (panel a), the s-channel (panel b) and in the t- and u-channels with two unparticle

Us exchanged (panel c). The quark qi,j represent all five light quarks and i = j.

21

Not accounted for here

T. Aliev, M. Frank, I. Turan (2009)
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Figure 3: Observed and expected 95% CL lower limits on the allowed region of unparticle

model parameters dU and ΛU, compared to those derived from CDF results [12, 13].

Table 2: Observed and expected 95% CL lower limits on the ADD model parameter MD (in

TeV/c2) as functions of δ, with and without NLO K factors applied.

δ K factor LO Exp. LO Obs. NLO Exp. NLO Obs.

2 1.5 2.17 2.29 2.41 2.56

3 1.5 1.82 1.92 1.99 2.07

4 1.4 1.67 1.74 1.78 1.86

5 1.4 1.59 1.65 1.68 1.74

6 1.4 1.54 1.59 1.62 1.68

CMS collaboration, June 2011
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Conclusions

Bounds on unparticle interactions with 
electro-weak gauge bosons range from Λ ∼ 
200 GeV - 50 TeV

Four photon production through 3-points 
function can not be discovery channel

Our bounds will improve dramatically with 
LHC data

Simon Knapen, Rutgers University
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